We present 870 µm ALMA polarization observation toward the Class II protoplanetary disk around AS 209, which has concentric, multiple gaps and rings. We successfully detect the polarized emission and find that the polarization orientations and fractions have distinct characteristics between the inner and outer regions. In the inner region, the polarization orientations are parallel to the minor axis of the disk, which is consistent with the self-scattering model. The mean polarization fraction in the region is ∼0.2%, which is lower than the expected value when the grains have the maximum polarization efficiency, which corresponds to λ/2π ∼ 140 µm in grain radius. In the outer region, we detect ∼1.0% polarization and find that the polarization orientations are almost in the azimuthal directions. Moreover, the polarization orientations have systematic angular deviations from the azimuthal directions with ∆θ ∼ 4.
INTRODUCTION
In protoplanetary disks, submicron-sized dust grains coagulate to form larger aggregates, and eventually to form planets. However, there are several long-standing questions which make it difficult to realize the coagulation. One of the most critical obstacles is the radial drift barrier. This is a problem that dust grains rapidly drift toward stars due to a headwind from gas, which rotates slower than the dust grains (Adachi et al. 1976; Weidenschilling 1977; Nakagawa et al. 1986; Takeuchi & Lin 2002 , 2005 Brauer et al. 2007 Brauer et al. , 2008 .
One of the promising scenarios to avoid the barrier is trapping dust grains at local pressure maxima that can * Released on January, 8th, 2018 stop the inward drift, and potentially leading to efficient coagulation of the dust grains (Whipple 1972; Pinilla et al. 2012) . In fact, high spatial resolution dust continuum observations by using Atacama Large Millimeter Array (ALMA) have revealed that many disks have a series of the concentric rings, which is possibly the result of the grain trapping at the gas pressure maxima (ALMA Partnership et al. 2015; Isella et al. 2016; Loomis et al. 2017; Andrews et al. 2016 Andrews et al. , 2018 Fedele et al. 2018; Guzmán et al. 2018; Long et al. 2018) . The efficiency of the grain trapping is determined by how well dust grains couple to gas, which is dependent on the gas surface density and the grain size. Thus, observational constraints on the grain size are essential to discuss the grain radial drift and trapping.
Millimeter-wave polarization observations provide a unique opportunity to constrain the grain size. The millimeter-wave polarization of disks is believed to originate from a combination of grain alignment and selfscattering. Previously proposed sources which can align grains in disks are magnetic fields, radiative gradients, and gas flow directed on grains (Cho & Lazarian 2007; Tazaki et al. 2017; Gold 1952; Lazarian & Hoang 2007; Kataoka et al. 2019) . The thermal emission from elongated dust grains aligned with the sources can be observed as polarized emissions. The other mechanism, self-scattering, is scattering-induced polarization where dust grains of sizes comparable to the wavelengths scatter the thermal dust emissions. When the dust thermal emissions are anisotropic in disks, the scattered emissions can be observed as polarized emissions (Kataoka et al. 2015) .
The first detection of the millimeter-wave polarization in a protoplanetary disk was reported in the HL Tau disk with Sub Millimeter Arrays (SMA) and Combined Array for Research in Millimeter-wave (CARMA) (Stephens et al. 2014) . Subsequently, in the ALMA era, the number of detection of millimeter-wave polarization has been increasing owing to the high-sensitivity and high spatial resolution observations (Bacciotti et al. 2018; Cox et al. 2018; Girart et al. 2018; Harris et al. 2018; Hull et al. 2018; Lee et al. 2018; Ohashi et al. 2018; Sadavoy et al. 2018 ). These observations revealed that polarized emissions due to self-scattering ubiquitously appear, implying a presence of 100 micron-sized grains in the many disks. Grain alignment also has been considered to contribute to the observed polarization in some disks (Kataoka et al. 2017; Stephens et al. 2017; Ohashi et al. 2018) . In this work, we perform 870 µm ALMA polarization observations of the disk around AS 209 and discuss the origins of the polarization.
AS 209 is a Classical T Tauri star in the Ophiuchus star forming region at a distance of 121 ± 2 pc (Gaia Collaboration et al. 2018) . It has a mass of 0.9 M (Bouvier & Appenzeller 1992), spectral type of K5 (Luhman & Rieke 1999 ) and a luminosity of 1.5 L (Natta et al. 2006 ). The disk mass was estimated to 0.028 M with SMA continuum observation assuming 100:1 dustto-gas mass ratio (Andrews et al. 2009 ). More recently, Favre et al. (2019) conducted CO isotopologue observation with ALMA and derived the gass mass of 3 × 10 −3 M , which is less massive compared to the previous study (Andrews et al. 2009 ). ALMA 1.3 mm dust continuum observations revealed that the disk has two prominent rings at 74 and 120 au and at least three faint rings in the inner 60 au (Fedele et al. 2018; Guzmán et al. 2018 ). Planet-disk interaction is one promising gap opening mechanism. Recent studies using 3D hydrodynamical simulations found that the ringed structure may be induced by torque from a Saturn-like mass planet at ∼100 au (Fedele et al. 2018; Zhang et al. 2018; Favre et al. 2019) . The radial profile of the grain size of the AS 209 disk is constrained by measuring spectral index (Pérez et al. 2012; Tazzari et al. 2016) . They found that the radial profile of the opacity index β radially increases, suggesting that the grain size radially decreases from ∼2 cm to ∼0.2 cm. This paper is organized as follows. In Section 2, we briefly summarize observation and data reduction processes. In Section 3, we describe characteristics of the observed polarized emission based on the polarization morphology and fraction. In Section 4, we explore the origin of the polarized emission and discuss a grain property and dynamics in the AS 209 disk. In Section 5, we conclude this paper.
OBSERVATIONS
The continuum polarization observations at 870 µm were carried out on 2018 May 16 during ALMA Cycle 5 operation. The antenna configurations were C43-2 with 43 antennas. In total four spectral windows (spws), two for lower sideband, another two for upper sideband, were taken in time division mode (TDM). Those four spws were centered at the central frequencies of 336.5, 338.4, 348.5 and 350 GHz. The effective bandwidth of each spw is 1.875 GHz, providing the bandwidth of ∼7.5 GHz. The bandpass, complex gain, and polarization calibrators were J1751-0939, J1733-1304 and J1924-2914, respectively. The polarization calibrator was observed in four different scans with a scan length of ∼8 minutes at different hour angles to cover a wide range of parallactic angle. The total integration times for the target were 30.89 minutes in the observation.
The reduction and calibration of the data were done with the CASA version 5.1.1 (McMullin et al. 2007 ). We follow the data reduction process given by Nagai et al. (2016) . For the imaging, we perform the interactive CLEAN deconvolution by using the CASA task tclean. We employ Briggs weighting with a robust parameter of 0.5. The beam size in the final product is 0. 94 × 0. 62 which corresponds to ∼114 × 75 au at the distance of 121 pc.
With the obtained Stokes Q and U , we derive the polarized intensity (P I). Note that P I has a positive bias because it is always positive value even if the Stokes Q and U have negative values. This bias has a nonnegligible effect in low-signal-to-noise observations. We thus derive the debiased polarized intensity with the following equation presented in Vaillancourt (2006) and Hull & Plambeck (2015) ,
(1) where σ P I is an error of the polarized intensity, which is derived to be σ P I = 2.7 × 10 −5 Jy beam −1 with the error propagation of Stokes Q and U .
Polarization fraction (PF) and polarization angle (θ) are also derived with the following equation.
The 1σ error of the polarization angle σ θ is calculated in each pixel in the image with a following equation.
where σ Q and σ U are the rms noise of Stokes Q and U , respectively. In addition, instrumental angle errors can systematically contribute to the uncertainties of the angles. This systematic error (∆χ) is ∆χ ∼ 2
• / √ N , where N is the number of antennas (Nagai et al. 2016) and thus ∆χ ∼ 2
• / √ 43 = 0.
• 3 in this observation. All of these values presented above are derived only where the detection is above the threshold 3σ P I .
RESULTS
The main results of the observation are summarized in Figure 1 . Figure 1(a) shows the total intensity (Stokes I) of the protoplanetary disk around AS 209 with the color scale and contours. The substructures discovered in the high-resolution observations (Fedele et al. 2018; Guzmán et al. 2018) are not identified in our Stokes I image because the beam size 0. 94 × 0. 62 is not small enough to resolve the rings or gaps with the size of ∼0. 04 (Guzmán et al. 2018) . The integrated flux density is 489 ± 50 mJy, which is consistent with the previously obtained value, 577 ± 58 mJy within the uncertainty (Andrews et al. 2009 ).
Figures 1(b) and 1(c) show the polarized intensity and polarization fraction, respectively. The polarization vectors are also overlaid where P I is larger than 3σ P I = 81 µJy beam −1 . The vectors are plotted twice per synthesized beam in each direction based on Nyquist sampling. Figure 1(d) shows the map of σ θ in degrees estimated with the equation (4). The typical 1σ polarization angle error is σ θ ∼ 1−4
• . Note that the systematic angle error (∆χ = 0.
• 3) explained in the former section is not included in Figure 1(d) .
The polarization orientations show distinct patterns between the inner and outer regions. In the inner 0. 5 region, which is illustrated by the circle in Figure 1(d) , the polarization orientations seem to be parallel to the minor axis. In Figure 2 , we plot a histogram of the deviations of the polarization angles from the minor axis to see if the vectors are completely aligned with the minor axis. We use the major axis position angle (PA) of 85.
• 76 and minor axis PA of −4.
• 24 with reference to Guzmán et al. (2018) . Due to the large beam size, only four vectors are plotted with the bin width of ∼4
• . The plotted angular deviations (∆θ minor ) are ∆θ minor = 6.
• 7 ± 2.
• 8, −5.
• 1 ± 2.
• 5, 1.
• 4 ± 4.
• 3, and 7.
• 7 ± 3.
• 6. Note that the histogram with the small sample size is perhaps not helpful to visualize the angle distribution. However, such analysis will be helpful for future observations with smaller beam size, and thus we keep the histogram in this paper.
The center of the histogram seems to be around ∼0
• , but three of the ∆θ minor values significantly deviate from 0. Given the fact that the sample size is small and each vector is not necessarily independently sampled, we cannot conclude whether the spread is real or not. One possibility is that the spread comes from beam dilution, where polarization in the outer regions can cause some angular deviations from the minor axis. Although an observation with a smaller beam size is necessary to confirm the statement, we conclude that the polarization orientations in the inner region are consistent with the direction of the minor axis.
In the outer 0. 5 region, on the other hand, the polarization orientations seem to be aligned in the azimuthal directions. To interpret the polarization, we proceed to a further analysis of the polarization angles. First, we discuss whether the observed polarization orientations are consistent with circular or elliptical patterns. The circular pattern is a concentric circle on the image plane, and the elliptical pattern is a trajectory that traces the same orbits in the inclined disk. We derive the tangents of the circle and the ellipse at each location of the polarization vectors. For the derivations of the elliptical tangents, we use the same PA of the major axis as the previous discussion and the inclination of 34.
• 88 (Guzmán et al. 2018) . The histogram of the angular deviations from the elliptical tangents shows a little narrower width than that from the circular tangents. We confirm this by performing the Gaussian fittings of the histogram, showing that the standard deviations are ∼10
• and ∼11
• in the el- • 3 is shown in the bottom left with the white ellipse. Upper right (b): Polarized intensity on a linear scale. The solid contour levels are (3, 5, 7, 10) × σP I (= 27 µJy beam −1 ). The polarization vectors are presented where polarized intensity is larger than 3σP I . We set the length of the polarization vectors to be the same. Lower left (c): The polarization fraction overlaid with the vectors. The solid contours show polarized intensity as with the P I map. The polarization fraction where polarized intensity is less than 3σP I is removed. The synthesized beam is also presented with the black ellipse. Lower right (d):
The color map of the 1σ polarization angle error (σ θ ). The synthesized beam and polarization vectors are also overlaid. The overlaid circle at the center represents the boundary of the inner and outer regions with the radius of 0. 5. liptical and circular case, respectively. Therefore, the polarization pattern is more consistent with the elliptical pattern rather than the circular pattern. We also conduct a χ 2 test to statistically examine the above discussion and conclude that the elliptical pattern is preferred indeed (see Appendix A).
Then, we investigate if there is a systematic angular difference between the polarization angles and the elliptical tangents. If the polarization vectors are completely aligned with the ellipse, the mean of the angular differences ∆θ ellipse would be 0
• . However, the histogram of the angular differences shows a certain shift from ∆θ ellipse = 0
• . We calculate a weighted mean of ∆θ ellipse with the ∆θ ellipse and σ θ maps (Appendix A). This results in the weighted mean of ∆θ ellipse = −4.
• 5 ± 1.
• 6, which is significantly shifted from 0
• . This suggests that the polarization orientations have certain angular deviations from the elliptical tangents with almost the same degrees and directions. Note that a beam dilution due to the large and flattened beam can artificially generate the angular deviation from the azimuthal directions. Although we need detailed modeling to examine the effect, the obtained orientations which systematically deviate from the azimuth cannot be caused only by the beam dilution.
The polarization fractions are another clue to interpreting the polarization. To compare the polarization fractions between the major and minor axes, we plot radial profiles of the polarization fractions along the major and deprojected minor axes in Figure 4 (upper panel). The negative values in the horizontal axis represent the south and west regions, while the positive values represent the north and east regions.
As Figures 1(c) and Figure 4 show, polarization fractions are not the same between the two regions as well as the polarization orientations. In the inner 0. 5 region, the polarization fractions are almost uniform at ∼0.20%. Note that the rms noise of the polarization fraction is ∼0.01% and thus the 0.20% polarization fraction is significant. In the outer 0. 5 region, on the other hand, the polarization fractions gradually increase from ∼0.2% to ∼1.0% with increasing radius. The gradual increase is likely due to the beam dilution between the inner and outer region, each of which shows distinct polarization orientations and thus cancel out each other. This can reduce the polarization fractions near the 0. 5 regions where the distinct polarization orientations coexist in the inner and outer regions. The effect becomes weaker with increasing the distance from the center. Thus, the typical polarization fraction in the outer region is likely ∼1.0%, which is obtained in the outermost region.
Another feature in the polarization fractions is that the radial profile along the minor axis shows a certain asymmetry that polarization fractions increase more sharply in the north region. The bottom panel of Figure  4 shows the minor axis profiles extracted from the upper panel. Indeed, the polarization fractions in the north region reach higher values of ∼1.2%. The asymmetry is probably not caused by the beam dilution since its effect should be the same between the north and south regions. However, the difference of the profiles is only 1σ, and moreover the detection of the polarized intensity is somewhat marginal with the signal-to-noise ratio of ∼3−5σ P I . Therefore, although the asymmetry may reflect some physical origins, we cannot robustly conclude if it is real with this data.
DISCUSSION
We detect the ∼0.20% and ∼1.0% polarization in the inner and outer regions, respectively. The polarization orientations are parallel to the minor axis in the inner region, while they are in the azimuthal (elliptical) directions in the outer region. These distinct characteristics of the polarized emission imply the distinct origins of the polarized emission between the regions. First, we describe the possible origins of the polarization and predicted polarization pattern in subsection 4.1. Then, we explore the origins in the AS 209 disk and possible models for the grain properties and grain dynamics in the AS 209 disk in the inner and outer regions in subsection 4.2. and 4.3. To correct the disk inclination (i = 34.
• 88), the minor axis profile is enlarged by multiplying the radius by 1/cos i for the deprojection. The shade in each profile represents the 1σ error regions of the polarization fraction. The upper limits and shade are also presented in the region where the polarized intensity is less than 3σP I . Bottom panel: minor axis profiles of the polarization fraction in the north (red) and south (blue), both of which are extracted from the upper panel. The deprojection is not applied to the profiles.
The polarization pattern in the different theories
The possible origins of the millimeter-wave polarization from protoplanetary disks are the grain alignment or self-scattering. The grain alignment models include magnetic, radiative and mechanical alignment, where dust grains are aligned with the magnetic fields, radiative gradient and gas flow, respectively. We quickly review the currently proposed scenarios of the millimeterwave polarization and summarize the phenomenological differences.
Long axes of the magnetically aligned dust grains are perpendicular to magnetic fields (Davis & Greenstein 1951; Cho & Lazarian 2007) . The toroidal magnetic fields are thought to be amplified with magnetorotational instability (MRI) in disks (Brandenburg et al. 1995; Fromang & Nelson 2006; Bai & Stone 2013; Suzuki & Inutsuka 2014) . Thus, the resultant polarization would show a radial pattern in face-on disks (Brandenburg et al. 1995) .
Grain alignment with radiation fields makes grain long axes perpendicular to radiation gradients (Cho & Lazarian 2007; Tazaki et al. 2017) . Thus, the outgoing radiation gradients would produce a circular pattern in polarization vectors in face-on disks. We note that Yang et al. (2019) pointed out that the polarization orientations remain circular patterns even in inclined disks.
Grain alignment with the ambient gas flows, which is called mechanical alignment, makes grain long axes to be either parallel or perpendicular to the gas velocity against the dust grains. The alignment parallel to the gas occurs for subsonic gas flows, which is called Gold mechanism (Gold 1952) . The aligned dust grains would produce elliptical polarization pattern in inclined disks (Yang et al. 2019) . Dust grains can also be aligned perpendicular to the gas flow onto the dust grains when they have certain helicity (Lazarian & Hoang 2007) . The resultant polarization is perpendicular to the gas velocity against the dust grains. This helicity-induced grain alignment occurs for subsonic gas. Since gas velocity against dust grains is subsonic, helicity-induced alignment likely occurs in protoplanetary disks .
The polarization orientations for mechanical alignment are determined by gas velocity against dust grains. We express the radial and azimuthal components of the gas velocity against the dust grains with δv r and δv φ , respectively. The gas velocity against the dust grains is also determined by how well the dust grains are coupled to gas, which is denoted with the Stokes number (St). The Stokes number is the dust stopping time normalized with the Keplerian timescale and is given by St = π 2 aρs Σg , where a is the grain size, ρ s is the internal density of the dust grains and Σ g is the gas surface density (Birnstiel et al. 2009 ). We briefly describe the expected polarization patterns for the helicity-alignment model in , assuming that the dust grains radially drift due to the headwind from the gas.
When the Stokes number is much smaller than unity, which corresponds to small grain size, the headwind of the gas on the dust grain is dominated by the radial component (δv r δv φ ). The polarization orientations are perpendicular to the gas velocity against the dust grains, and thus the resultant polarization pattern is circular. When the Stokes number is close to unity, the larger dust grains are decoupled from the gas and radially drift due to the gas headwind, resulting in the comparable velocity fields against the dust grains between the radial and azimuthal components (δv φ δv r ). As a consequence, the synthetic relative velocity is inclined with respect to the azimuthal directions, and thus the polarization orientations show a spiral-like pattern. The deviation from the circular direction at each location on the sky would be arctan(δv r /δv φ ) .
The polarization orientations for the scatteringinduced polarization are determined by incoming flux distributions around the dust grains (Kataoka et al. 2015) . In the inclined disk such as the AS 209 disk, the polarization orientations are parallel to the minor axis because the flux coming parallel to the major axis is generally stronger than that parallel to the minor axis (Pohl et al. 2016; Kataoka et al. 2017) . Yang et al. (2017) pointed out that the polarization patterns can be modified by the spatial distributions of the optical depth. When the disk is optically thin in the outer region, the polarization orientations are perpendicular to the radiative gradient in the disks. The outgoing radiative gradient leads to the azimuthal pattern in the outer region. However, the model assumed smooth surface density structures, which has no rings and gap. In the case of the AS 209 disk, the radiative gradient of the flux distribution produced by the ringed structure would be too small to produce the azimuthal pattern. Thus, if the scattering dominates the observed polarized emission, the polarization orientations are parallel to the minor axis even if the disk is optically thin in the outer region.
In Table 1 , we summarize the expected polarization patterns explained above. In the following subsections, based primarily on the polarization patterns shown in Table 1 , we explore the origin of the polarization separately in the inner and outer regions.
The origin of the polarization in the inner region
In the inner region, the polarization vectors are aligned with the minor axis (Figure 2) . Although certain deviations from the minor axis exist, the observed orientations which are parallel to the minor axis are consistent with the self-scattering model in the inclined disks (Table 1) . Therefore, we conclude that self-scattering dominates the polarized emission in the inner region of the AS 209 disk at 0.87 mm.
The polarization fraction in the inner region is ∼0.2 % (Figure 1(a) and 4) . The self-scattering model predicts the polarization fraction of 2−3%, when the grain population has a single power law with the maximum grain size of a max ∼ λ/2π ∼ 140 µm (Kataoka et al. 2015 (Kataoka et al. , 2016a . Polarization fractions obtained in the previous observations for the inclined disks were lower than 2−3%, but significantly higher than that in this observation. For example, the IM Lup and HL Tau disks show scattering-induced polarization with the fractions of ∼1.2% and ∼0.6% in the central regions (Hull et al. 2018; Stephens et al. 2017) . Relatively low polarization fraction in the AS 209 disk can be explained by two possibilities in the grain size populations. One is that the grain population has a single power law with a maximum grain size of a max , which is a few times larger or smaller than ∼140 µm (Kataoka et al. 2016a) . If this grain model is correct, a max is roughly estimated to be ∼50 µm or ∼400 µm. The other possibility is that two size population model where a max ∼ 140 µm in one population but a max in the other population is significantly smaller or larger than 140 µm. This additional grain population contributes to unpolarized Stokes I emission but not to polarized emission, and thus reduces polarization fractions.
The maximum grain size has been constrained by Pérez et al. (2012) and Tazzari et al. (2016) with the analysis of the spectral index. They found that the spectral index radially increase with the range β = 0.5−1, and yielded the grain size of a max ∼ 0.5−2 cm in inner 60 au. These grain sizes are much larger than that from the polarization.
The size discrepancy may come from the contamination of the optically thick emission in low-resolution observations. Although measurements of the grain size assume the thermal emission is totally optically thin in millimeter wavelength, Tripathi et al. (2017) pointed out that the assumption is not necessarily correct based on a large sample of low-resolution disk images. However, Pérez et al. (2012) and Tazzari et al. (2016) revealed that the millimeter continuum emission from the AS 209 disk is optically thin at all radii, suggesting that the discrepancy of the grain sizes are not due to the optically thick emission.
The assumption on the grain composition also strongly affects the spectral indices values, leading to grain size uncertainties. For example, Testi et al. (2014) showed that compact grains which composed of silicate, carbonaceous and water ice take a max ∼ 0.5−5 cm in β = 0.5−1 range while compact grains which composed only of silicate and carbonaceous material take a max ∼ 0.5−5 mm in the same β = 0.5−1 range (see Figure 4 of Testi et al. (2014) ). The one size population model with a max = 500 µm and the latter grain composition model described above is one of the solutions to reconcile the two studies.
More recent studies pointed out that the observed low spectral indices can be reproduced when the effect of scattering is included (Liu 2019; Zhu et al. 2019) . This means that measurement of the grain size ignoring the opacity of scattering can lead to overestimating of the grain size. Thus, including the effects of scattering into continuum modeling is needed to reconcile the discrepancy of the grain properties between the grain size measurements.
The origin of the polarization in the outer region
In the outer 0. 5 region, the polarization orientations seem to be in the azimuthal directions. By conducting the detailed analysis on the orientations, we find that the orientations are consistent with the elliptical pattern rather than the circular pattern and moreover the vectors have the systematic angular deviations from the elliptical tangents with the mean value of ∆θ ellipse = −4.
• 6. The spiral-like pattern can be produced only with the mechanical alignment model (Table 1) . Therefore, the observed polarization likely originates from the dust grains which are aligned by the gas flow against the dust grains.
To interpret the polarization, we explore where the polarized emission comes from. However, the large beam size prevents us from exploring the emitting regions only with the polarization data. Thus, in Figure 5 , we compare the polarization vectors with the previous higher resolution observation by Guzmán et al. (2018) . Although it is difficult to link the positions of the vectors to that of high resolution image due to the large beam size gap, roughly speaking, the polarization in the outermost region at ∼1. 0 likely comes from the outermost ring at 120 au in the higher resolution image. Thus, the emitter of the polarization is likely the dust grains at the 120 au ring.
Since the polarization pattern is presumably related to the grain dynamics in the disk, we consider possible grain dynamics to reproduce the spiral-like pattern. Kataoka et al. (2019) has already considered the relationships between the grain dynamics and polarization patterns. However, we cannot directly apply the model to the observed pattern because the assumed disk in the model has a smooth surface density profile which is quite different from that of the AS 209 disk. Therefore, we qualitatively discuss the polarization pattern when mechanical alignment occurs at the ring. Figure 6 illustrates a possible scenario, where the dust grains radially drift inside and outside of the local pressure maxima. To find the resultant polarization pattern at the pressure maxima, we discuss the velocity vectors of gas and dust grains. In a laboratory frame, the gas rotates with sub-Keplerian outside the bump due to the negative pressure gradient while it rotates with superKeplerian inside the bump due to the positive pressure gradient. Instead, the dust grains rotates almost with Figure 6 . Schematic illustration of the grain accumulation scenario which can reproduce the inclined polarization orientations. The blue region represents the gas pressure bump near the 120 au ring. The left picture shows grain (black) and gas (orange) velocity fields in the laboratory frame. The right picture shows the radial, azimuthal and synthetic gas velocity against dust grains with green arrows. The resultant polarization vectors are also presented with the red lines.
the Keplerian speed. As a result, the dust grains in both sides of the bump drift to the pressure maximum. Now, we see the velocity fields on the rest frame of the dust grains. The radial and azimuthal components of the relative gas velocity, δv r and δv φ become comparable. Because the polarization vectors are perpendicular to the direction of the gas velocity on the rest frame of the dust grains in the helicity-induced alignment model, this leads to the spiral-like polarization patterns.
If the Stokes number is smaller than unity, dust grains would satisfy δv r > δv φ . This leads the polarization pattern almost in the azimuthal direction, but slightly deviates to the clockwise or counterclockwise directions depending on the rotation direction: if the disk rotates in the counter-clockwise direction, the polarization vectors are slightly deviates in clockwise direction (see Kataoka et al. (2019) ). The direction of the disk rotation has been revealed to be clockwise with previous CO isotopologue observations (Andrews et al. 2009; Guzmán et al. 2018; Favre et al. 2019) . Therefore, the expected direction of the deviation is in the counterclockwise direction, or the plus sign in the histogram as shown in Figure 3 while the figure shows the opposite results (see the discussion below).
This scenario that produces the spiral-like pattern is partly supported by the previous CO isotopologue observation, where local enhancement of the gas surface density was discovered near the outermost dust ring (Favre et al. 2019 ). This suggests the presence of the local gas pressure maximum which coincident with the dust ring, implying that we see the drifting grains in the pressure bump with the polarization.
We here note that the grain diffusion from the ring also reproduces the same polarization pattern as the accumulation model. We do not discuss the diffusion but accumulation because it is more likely to occur at a ring.
The common scenario to make the gas pressure maxima are, for example, a planet (Kanagawa et al. 2015 (Kanagawa et al. , 2016 Bae et al. 2017; Dong et al. 2017; Huang et al. 2018; Fedele et al. 2018; Favre et al. 2019 ) and some MHD effects (Johansen et al. 2009; Bai & Stone 2014; Simon & Armitage 2014) . We note that the grain accumulation can also be triggered by secular gravitational instability (Tominaga et al. 2018) . This model predicts that the gas also be accumulated and thus the gas velocity on the dust grains is slightly different from the models above. While we do not discuss the detailed comparison, the presented polarization may distinguish these physics by revealing the relative velocity between gas and dust grains.
The ratio of the radial and azimuthal components of gas velocity against the dust grains can be derived by assuming the models as δv φ /δv r = tan(∆θ ellipse ) = 0.08 ± 0.03. Both of the models predict the same directions of the angular deviations, which are determined by which clockwise or counterclockwise the disk rotates. When the disk rotates clockwise, as shown in Figure 6 shows, the orientations are inclined to the west directions, which correspond to positive angular deviations.
However, there are several questions for the interpretation. One is that the observed pattern is more consistent with the elliptical pattern, which is inconsistent with the theoretical expectations of the helicity-induced alignment model . Moreover, both of the models predict the positive angular deviations whereas the observed orientations show negative angular deviations (i.e. the theory predict 90
• flipped orientations against the observed orientations). Thus, the directions of the orientations cannot be reproduced with the combination of the helicity-induced alignment model and the grain accumulation model as long as the disk rotates clockwise.
Since we find that the helicity-induced alignment model does not perfectly explain the observations, we also consider another mechanical alignment, the Gold mechanism although it probably does not occur in disks since gas velocity against dust grain is subsonic. As explained above, the polarization orientations are parallel to the gas flow against the dust grains for the Gold mechanism, leading to the elliptical polarization pattern (Yang et al. 2019 ). This expectation is consistent with the fact that the observed pattern is more consistent with the elliptical pattern. The Stokes number should be much larger than unity (St 10) so that δv φ is much larger than δv r and the azimuthal pattern arises. If it is the case in the disk, the polarization orientations are inclined with the same directions of the observed polarization. However, another question is that the thermal emission from the dust grains with such large Stokes number is not efficient because the emissivity of the dust grains is inversely proportional to the grain size. Therefore, even though Gold mechanism is considered, it is uncertain whether the observed orientations can be explained by the possible grain dynamics.
We summarize that the observed spiral-like pattern can be reproduced only with the mechanical alignment model. However, both Gold mechanisms and helicityinduced alignment models have some difficulties, which prevent us from naturally interpreting the orientations by assuming the grain dynamics. This poses the possibility that we misunderstand somewhere in the alignment processes and/or grain dynamics in the protoplanetary disks.
We also discuss the observed polarization fraction. We detect ∼1.0% polarization fractions in the outermost regions. Moreover, we also find the asymmetry that the polarization fraction in the north region, which is farther to us reaches the larger value with 1σ (Figure 4) . No theoretical expectations for the polarization fractions for the mechanical alignment model have been established so far, and thus it is unclear what determines the values and spatial distributions of the polarization fractions. The near/far side asymmetry is thought to be observed in the self-scattering and optically thick disks. predicted a spatial shift of the polarized intensity peak and near/far side asymmetry of the polarization fractions, both of which are caused by geometrical effects such as disk flaring. However, the AS 209 disk was revealed not to be optically thick at 870 µm (Pérez et al. 2012; Tazzari et al. 2016) , casting a question for applying the model to the disk. In fact, the center shift, which was predicted by Yang et al. (2017) , is not observed in the inner region of the AS 209 disk, where the scattering-induced polarization is observed. Therefore, the optical depth effects are unlikely to reproduce the observed profile and the origin of the profile is uncertain. This will be investigated in future works.
CONCLUSIONS
We have presented 870 µm polarization observation toward the Class II protoplanetary disk around AS 209. Our main findings can be summarized as follows:
1. We found the spatial segregation of the polarization patterns and fractions between inner and outer regions. We detected ∼0.2% polarization in the inner 0. 5 regions. The polarization orientations in the region are parallel to the minor axis.
In the outer region, we detected ∼1.0% polarization and found that the polarization orientations are consistent with the elliptical pattern but with the angular deviation of ∆θ ellipse ∼ 4.
• 6.
2. The polarization pattern in the inner region is consistent with the self-scattering model. The low polarization fraction (∼0.2%) compared to the expected value when the dust grains population has a single power law with a max ∼ λ/2π ∼ 140 µm can be explained by the following grain models. One is that the grains population has a single power law with a max , which is a few times larger or smaller than 140 µm. The other is that there is another grain population, which contributes to unpolarized emission but not to the polarized emission.
3. The spiral-like pattern in the outer region can be produced only with the mechanical alignment model. This polarized emission likely comes from the outermost ring at 120 au. This suggests that the dust grains at the ring accumulate to the pressure maximum near 120 au.
4. We found that the combination of mechanical alignment and grain accumulation model can reproduce spiral-like pattern, but there are some inconsistencies. The helicity-induced model predicts (1) circular polarization pattern and (2) positive angular deviations from the azimuthal directions, both of which are inconsistent with the observed pattern. The Gold mechanism can reproduce both of the elliptical pattern and the observed deviations from the azimuthal directions, but only in the case that the Stokes number is large, where the grain emissivity is inefficient in the millimeterwave.
5. No theoretical expectations for the polarization fraction for the mechanical alignment disks. Thus, it is yet clear whether the obtained values and spatial distribution of the polarization fractions are typical or not for mechanical alignment disk. This will be investigated in future works.
For the detailed analysis of the polarization angles presented in this work, the large beam size effects are not negligible. Observations with higher spatial resolution would help to confirm the presence of the spiral-like pattern and understand the origin.
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Data analysis was partly conducted with common use data analysis computer system at the Astronomy Data Center, ADC, of the National Astronomical Observatory of Japan. We conduct a simple statistical analysis of the polarization angles to examine (1) which circular or elliptical pattern is compatible with the observed pattern, and (2) whether systematic angular deviations exist or not. For the analysis, each polarization angle should be independently sampled without the overlap of the synthesized beam. Thus, as shown in Figure 7 , we select the eight positions in the outer region, where the contamination from the central emission likely weak. Since the polarization angle error is obtained at the each position, the value of χ 2 can be calculated with the following equation. 
where θ obs,i , θ circle/ellipse,i and σ θ,i are the observed polarization angle, the position angle of the circular/elliptical tangent, and the polarization angle error at ith position, respectively. ∆θ i is weighted mean of the angular deviation from circular/elliptical tangents at ith position, which can be estimated with a following equation.
The uncertainty of ∆θ circle/ellipse , δθ can also be estimated with
First, with the equation (A2) and (A3), we calculate the weighted mean of the angular deviation from circular/ellipse tangents and their uncertainties. Then, we substitute the values to equation (A1) for the circular and elliptical cases. The equation (A1) yields ∆θ circle = −3.
• 8
• ± 1.
• 6 and ∆θ ellipse = −4.
• 5
• 6, each of which corresponds to χ 2 = 25 and 10, respectively. Thus, we conclude that the elliptical pattern is preferred rather than the circular pattern. This is the answer for (1) described above. At the same time, the mean value of the angular deviations from the elliptical tangents is ∆θ ellipse = −4.
• 6, which significantly deviates from 0. Therefore, we also conclude that there is the systematic angular deviation from the elliptical tangents. This is the answer for (2).
